Abstract. BH3 domains, classified initially as BCL2 homology domains, participate in both apoptosis and autophagy. Beclin-1 contains a BH3 domain, which is required for binding to antiapoptotic BCL2 homologs and BCL2-mediated inhibition of autophagy. BCL2-like 12 (BCL2L12) also harbors a BH3-like domain, which is 12 residues long and contains a LXXXAE/D motif. In a yeast two-hybrid system performed in the present study, BCL2L12 shared similar binding partnerships to antiapoptotic BCL2 homologs, such as Beclin-1. In addition, this BH3-like domain was involved in anti-apoptosis and drug-induced autophagy in glioma cell lines. Mutations in S156 and hydrophobic L213 to alanine counteracted the antiapoptotic properties of BCL2L12 and downregulated the activation of microtubule associated protein 1 light chain 3B (LC3B), autophagy-related (ATG)12-ATG5 conjugates and Beclin-1, compared with a BCL2L12 wild-type group. Molecular dynamics simulations revealed that phosphorylation at Ser156 of BCL2L12 (within α-6 and α-7 helices) influenced the BH3-like domain conformation (α-9 helix), indicating that glycogen synthase kinase (GSK) 3β-mediated Ser156 phosphorylation modulated a BH3-like domain in BCL2L12. Altogether, the present findings indicated that BCL2L12 may participate in anti-apoptosis and autophagy via a BH3-like domain and GSK3β-mediated phosphorylation at Ser156. Furthermore, blockade of temozolomide (TMZ)-induced autophagy by 3-methyladenine (3-MA) resulted in enhanced activation of apoptotic markers, as well as tumor suppresor protein p53 (p53) expression in U87MG cells. The present results suggested that p53 and O6-methylguanine DNA methyltransferase activation, and BCL2, BCL-extra large, Beclin-1 and BCL2L12 expression may be used as a detection panel to determine which patients can benefit from TMZ and ABT-737 combination treatment.
Introduction
BCL2-like 12 (BCL2L12), a new member of BCL2 family, is currently recognized as an apoptosis regulator (1) . Its functional role appears contradictory in different types of cancer (2, 3) . In glioblastoma, BCL2L12 is highly expressed and associated with antiapoptotic properties. The BCL2L12-mediated antiapoptotic property is thought to be due to several mechanims: i) It attenuates caspase-dependent apoptosis through direct interaction with caspase-7 and indirect inactivation of caspase-3 activity via upregulating crystallin αB (CRYAB) expression. ii) BCL2L12 neutralizes TP53's fucntion at the transcriptional and translational levels as demonstrated by using co-immunoprecipitation (4, 5) . Downregulating BCL2L12 expression has been demonstrated to reduce glioblastoma growth in animal models (6) . An RNAi-based therapy using spherical nucleic acid nanoparticle conjugates was reported to effectively knock
GSK3β-mediated Ser156 phosphorylation modulates a BH3-like domain in BCL2L12 during TMZ-induced apoptosis and autophagy in glioma cells
CHENG-WEI CHU 1,2 , MING-CHANG YANG [3] [4] [5] , cHIA-HUA cHOU 1, 5 , WEN-SHENG HUANG 1 , BO-XIU HSIAO 1 , YENG-TSENG WANG 5 , SHEAN-JAW CHIOU 5, 6 , JOON-KHIM LOH 1,2,7 and YI-REN HONG down endogenous BCL2L12 mRNA and protein levels and sensitize glioma cells toward therapy-induced apoptosis by enhancing effector caspase and p53 activity (6) . To investigate the antiapoptotic properties of BCL2L12, we previously demonstrated that it is as a substrate of glycogen synthase kinase (GSK) 3β, and that GSK3b-mediated phosphorylation at BCL2L12 Ser156 is crucial for anti-apoptosis (7) . Conversely, treatment with LiCl, a GSK3β pharmaceutical inhibitor that diminishes GSK3b-mediated BCL2L12 phosphorylation, restored caspase activity and thus it might have great potential in treating glioblastoma multiforme (GBM) in addition to being a mood stabilizer in the clinic (7) . Furthermore, a previous study using bioinformatics has demonstrated that in addition to harboring a BH2 domain, BCL2L12 contains a BH3-like domain (8) . Our group further characterized the function of this BH3-like domain and its potential antiapoptotic properties. Exogenous expression of the BCL2L12 mutant that was directly site-mutated at the -4 or 0 hydrophobic residue demonstrated an elevated apoptotic marker expression when compared with the BCL2L12 wild-type group. In addition, it was demonstrated that this BH3-like domain may be associated with temozolomide (TMZ)-induced autophagy (9) . Without this hydrophobic groove region, TMZ is unlikely to induce effective activation of autophagy markers.
In cell biology, cell proliferation, apoptosis and autophagy are the predominant activities that determine cell fate. The balance of these three cellular activities leads to different outcomes in cancer treatment. One of the main options for GBM treatment, TMZ, is usually co-administered with radiotherapy, generally with good response. More in-depth pretreatment and treatment evaluations are still needed for refining effective personalized medicine approaches. Traditionally, status of p53 and O6-methylguanine DNA methyltransferase (MGMT) is essential reference in order to determine the TMZ effect in GBM treatment (10, 11) . However, more advanced MGMT activity/methylation status, p53 expression, reactive oxygen species (ROS) production following chemotherapeutic intervention, measurement of apoptosis induction, and unwanted autophagy level (drug-induced pro-survival autophagy) are all critical indicators in modern cancer therapy. A previous study has revealed that glioma cells treated with high doses of TMZ may enhance ROS production and induce autophagy rather than apoptosis (12, 13) . This TMZ-induced autophagy is uncommon as a pre-death procedure but is linked to drug resistance and remains a significant challenge in GBM treatment. The canonical pathway of autophagy is governed by a subset of autophagy genes (14) . One of these genes, Beclin-1 [also known as autophagy-related (Atg) 6, unlike the others, is known to regulate either apoptosis or autophagy based on its interactive partnerships; antiapoptotic when it interacts with BCL2 apoptosis regulator (BCL2) and BCL-extra large (BCL-XL) via the BH3 domain, or autophagy-inducing when it interacts with phosphatidylinositol 3-kinase Vps34 (Vps34) and phosphoinositide 3-kinase (PI3K) (15, 16) . As aforementioned, BCL2L12 harbors a BH3-like domain associated with TMZ-induced autophagy and antiapoptotic properties in GBM (9) . In addition, BCL2L12 and Beclin-1 share a similar binding pattern to BCL2 and BCL-XL (15, 17) . Ectopic expression of BCL2L12 also enhanced Beclin-1 expression in glioma cell lines (9) . Therefore, the present study hypothesized that the BCL2L12 BH3-like domain might functionally compensate for Beclin-1 in either regulating apoptosis or autophagy.
Materials and methods
Cloning. BCL2L12, BCL-XL, BCL2, BCL2 associated X (Bax), Beclin-1, induced myeloid leukemia cell differentiation protein MCL-1 (Mcl-1), and GSK3β were cloned into pACT2 and pAS2-1 vectors (Takara Bio Inc., Otsu, Japan) for yeast two-hybrid assay or into the pEGFP-C1 vector for overexpression. Polymerase chain reaction (PCR) technique was used to generate DNA fragments containing the desired gene sequences utilizing primers designed to contain the Xho I and Bam HI restriction enzyme recognition sites. For gene-specific PCR, 100 ng genomic DNA was used as template, and 2.5 µl 10X reaction buffer (Takara Bio Inc.), 4 µl 2.5 mM dNTPs (Takara Bio Inc.), 0.2 µl DNA polymerase (5 U/µl; Takara Bio Inc.), and 1 µl of 10 µM primers were added into a 25 µl reaction mix. The PCR was conducted on a GeneAmp 9,700 PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), as follows: 95˚C for 30 sec, followed by 30 sec annealing, and extension at 72˚C for 35 cycles. The PCR products were separated on 2% agarose gel and visualized by staining with 0.5 µg/ml ethidium bromide. The PCR products with correct sizes were further purified using a PCR clean-up kit (GeneMark Technology Co., Ltd., Tainan, Taiwan) and subjected to restriction enzyme digestion. Plasmid DNA was further confirmed by DNA sequencing (Mission Biotech, Taipei, Taiwan).
Yeast two-hybrid assay. This assay is intended to screen an interaction between two proteins called 'bait' and 'prey'. In the present study, BCL2L12, Bax, Beclin-1, BCL2, BCL-XL, and Mcl-1, as well as several BH3 mutants of BCL2L12, were included in the assay in order to test their potential interactions. Standard techniques were used to perform the yeast two-hybrid screening (18) (19) (20) , using the MATCHMAKER Two-Hybrid System 2 (Clontech Laboratories, Inc., Mountainview, CA, USA). YRG-2 yeast host cells (MATa ura3-52 his3-200 ade2-101 lys2-801 trp1-901 leu2-3 112 gal4 -542 gal80 -538 LYS2::UAS GA L1 -TATA GA L1 -HIS3 URA3::UAS GAL4 17mers(x3) -TATA CYC1 -lacZ) were purchased from Stratagene (Agilent Technologies, Inc., Santa Clara, CA, USA). The yeast cells were cotransfected with the pAS2-1 and pACT2 plasmids and then selected on G2 plates deficient in tryptophan and leucine, and on G3 plates further deficient in histidine. A positive interaction was determined by growth on G3 plates and by a visible blue color pattern in the subsequent colony filter lift assay (19) . In the yeast two-hybrid system, YRG2 yeast cells were inoculated into 5 ml YPD medium and grown at 28˚C, 240 rpm for 20 h. YPD medium (45 ml) was added to the original yeast culture to refresh their growth and further incubated for 4 h. To detect whether gene A (encoding 'bait' protein) interacts with gene B (encoding 'prey' protein), the pACT2 vector/gene A (1.2 µg) was premixed with pAS2-1 vector/gene B (1.2 µg), then further mixed with 10 µl boiled salmon sperm DNA and 800 µl of the yeast solution. The reaction was vortexed completely and incubated at 28˚C, 7.7 x g for 30 min, and supplemented with 80 µl DMSO (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Then, the reaction was heat-shocked at 42˚C for 15 min and placed on ice for 2-5 min. The reaction was further centrifuged at 25˚C, 800 x g for 3 min, and the supernatant was discarded. The transformed yeast pellet, resuspended in sterilized water, was spread on nutritional deficient plates G2 and G3, respectively. The G2 or G3 plates were incubated at 28˚C for colony growing. Afterwards, sterilized filter papers were used to cover the G2/G3 plates. The filter papers, with the yeast colonies attached and absorbed, were further dipped into liquid nitrogen for 40 sec to break any enclosed yeast cell walls. X-gal solution (1,600 µl) was added onto another filter and incubated at 28˚C to detect whether the 'bait' protein would interact with 'prey' protein.
Site-directed mutagenesis. The specific primers for genes encoding the Bax L63A mutation and the BCL2L12 BH3-like domain mutations h1, h2, h3, charge, and h4, and the complementary sequences surrounding the mutation sites, were designed and synthesized as previously reported (19) . Following PCR amplification, 1.5 µl Dpn I (10 U/µl) was added for digestion at 37˚C for 10 min. Dpn I-treated DNA was transferred into 45 µl of prepared competent cells. Following incubation on ice for 30 min, heat shock was performed in a 42˚C water bath for 30 sec. The reaction mixture was kept on ice for 2 min, and then 500 µl LB medium was added and incubated at 37˚C, 5.37 x g, for 1 h. Following incubation, bacterial cultures were spread on selective plates containing antibiotics and incubated at 37˚C for 16-18 h. Several colonies were picked for plasmid preparation, restriction enzyme digestion and sequencing to confirm the desired mutations.
Molecular dynamics simulations of the BCL2L12 phosphorylation at Ser156. The initial 3D model of BCL2L12 was obtained as previously described (9) . Next, the Ser156 of BCL2L12 was phosphorylated with the AmberTools17 and amber parameter database (21) . Then the model was inserted into the tip3p water box. The molecular dynamics (MD) simulations were performed in the canonical ensemble with a simulation temperature of 310 K, unless stated otherwise, by using the Verlet integrator with an integration time step of 0.002 ps and SHAKE constraints (22) of all covalent bonds involving hydrogen atoms. In the electrostatic interactions, Atom-based truncation was performed using the PME (23) method, and the switch van der Waals function was used with a 1.80 nm cutoff for atom-pair lists. The structure was minimized for 100,000 conjugate gradient steps and was then subjected to a 100 s isothermal, constant volume MD simulation. All the MD simulations were performed with Amber 16 (pmemd.cuda) program. The final structure was used in the BH3 domain comparisons (BCL2L12 and phosphorylation at Ser156 of BCL2L12). cat. no. sc-126) and β-actin (clone C4; cat. no. sc-47778) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Next, the membranes were incubated with secondary antibodies conjugated with horseradish peroxidase (HRP; Cell Signaling Technology, Inc.; anti-rabbit IgG, HRP-linked antibody cat. no. 7074 and anti-mouse IgG, HRP-linked antibody cat. no. 7076) for another 1 h. Both primary and secondary antibodies were diluted in 1% non-fat dry milk or 5% BSA in TBST. The protein signals were developed using enhanced chemiluminescence reagent (GE Healthcare, Chicago, IL, USA) and recorded using Fuji X-ray film Super RX (Fujifilm, Tokyo, Japan) for X-ray autoradiography.
Statistical analysis. The western blot analyses were quantified with ImageJ software (National Institutes of Health, Bethesda, MD, USA). Bar charts were generated using Sigma plot software version 12.3 (Systat Software Inc., Chicago, IL, USA). Data were expressed as the mean ± standard deviation. All data were analyzed using the SPSS for Windows 21.0 statistical software (IBM Corps., Armonk, NY, USA). Statistical significance between groups was examined with one-way analysis of variance for multiple comparisons followed by Bonferroni correction for adjusting the P-value of multiple tests. P<0.05 was considered to indicate a statistically significant difference. 9 helix, and this 12-residue motif is conserved among the BCL2 family proteins. The structural similarity of the BH3-like domain of BCL2L12 was compared to those of BCL2, BCL-XL, and Bax. As illustrated in Fig. 1 , the α-9 helix of BCL2L12 is structurally similar to the α-2 helix of multiple BCL2 family proteins, including the antiapoptotic (BCL2 and BCL-XL) and proapoptotic (Bak and Bax) subgroups. To highlight the structural/functional similarity among these BH3 domains, five key amino acid residues were analyzed for their effects on the interaction between BCL2L12, BCL2 and BCL-XL. As reported previously, the L213 (-4), L217 (0) and I224 (+7) hydrophobic residues are crucial for the BCL2L12 interaction with BCL2 and BCL-XL in a yeast two-hybrid system ( Fig. 1 ) (9) . It was further determined that the BH3 domain most likely consists of a 12-residue-long core motif of LXXXAE/D in BCL2L12 instead of the canonical motif 'LXXXXd' in Bak or other BCL2 family proteins. Since BCL2L12 interacts with BCL2 and BCL-XL, which shares similar interacting partnerships with Bax and Beclin-1, it was hypothesized that the BCL2L12 BH3-like domain may be necessary for both autophagy and apoptosis regulation. Previously, it was reported that overexpressed BCL2L12 L213A and L217A mutants resulted in reactivation of apoptotic markers with or without STS treatment (9) . Therefore, the present study investigated L213A as a representative BH3-like domain mutant in the subsequent cell-based assays.
Results

BCL2L12 contains a BH3-like domain on its α-
BCL2L12 does not interact with Beclin-1, but shares a similar binding partnership with Beclin-1 to interact with BCL2 and BCL-XL, but not Mcl-1.
The interactions between BCL2L12, Bax, Beclin-1 and anti-apoptotic BCL2 family proteins, BCL2, BCL-XL and Mcl-1, were investigated. GSK3β was used as positive control for its interaction with BCL2L12. Several BH3 mutants of BCL2L12 (I209A, L213A, L216A, L217A, E218A and E220A) (90-229, refers to the BCL2L12 truncated fragment spanning between the 90th amino acid residue to 229th residue. The plasmid harboring this BCL212 truncated fragment was further used as a parental vector to obtain mutants by a site-direct mutagenesis technique) as well as the binding-deficient mutant L63A of Bax (1-171), were tested in a yeast two-hybrid system, in order to determine whether they could abolish the interaction between BCL2L12, Bax, and their interacting proteins. As listed in Table I, (1-171) ; however, BH3 mutants were unlikely to disrupt the binding between BCL2L12 Table I . Yeast two-hybrid assay of BCL2L12 and Beclin-1 interaction with BCL2 family proteins and GSK3β.
BCL-XL Fig. 2A and B) . This phenomenon was evident in U87MG cells, but not in T98G cells ( Fig. 2A and B) . STS treatment further enhanced this effect ( Fig. 2A and B) . Anti-apoptotic BCL2 proteins, including BCL-XL, Mcl-1 and BCL2, were highly expressed in U87MG cells compared with T98G cells. Overexpression of the L213A mutant did not alter the expression levels of these antiapoptotic BCL2 proteins (Fig. 2C) . By contrast, the proapoptotic and BH3-only BCL2 family proteins Bax, Puma, Bok, and Bim, appeared more abundantly expressed at the basal level and following STS treatment in T98G compared with U87MG cells (Fig. 2D) . However, these proapoptotic and BH3-only BCL2 family protein expression levels are unlikely to be affected by BCL2L12 or BCL2L12 L213A mutant expression.
Since high expression of BCL2, BCL-XL and Mcl-1 in cancer cells is reported to be associated with acquired resistance to chemotherapy, the present study investigated whether TMZ treatment caused any expression changes among these three proteins in glioma cells. As illustrated in Fig. 3 , TMZ treatment significantly downregulated Mcl-1 expression, but not BCL-XL and BCL2 expression, and this effect was independent of the expression status of BCL2L12 and its mutant (S156A and L213A).
Combination treatment with TMZ and ABT-737 triggers enhanced apoptosis compared with each agent alone in U87MG cells. Because of the high levels of BCL2, BCL-XL and BCL2L12 expression in U87MG cells, it was postulated that BCL2L12 might interact with these antiapoptotic BCL2 family members and lead to enhanced outer membrane integrity of mitochondria. Therefore, BCL2L12 with BH3-like domain to trigger mitochondria-dependent apoptosis was preceded by the treatment of ABT-737, a mimetic agent of the BH3 domain of Bad, as well as a selective inhibitor of BCL2, BCL-XL, and BCL-w, alone or in combination with TMZ in U87MG cells. We previously reported that both TMZ and ABT-737 resulted in moderate apoptosis compared with an untreated GFP-alone group in U87MG cells, which express wild-type p53 (associated with the effects of TMZ) and high levels of BCL2 and BCL-XL. Bax was also expressed at an intermediate level with ABT-737 treatment in U87MG cells. However, induction of apoptosis by these two agents appears to be independent of BCL2L12 L217A expression, especially in combination use (9) . When not treated with these two agents, the L217A group demonstrated an increased level of cleaved PARP like the L213A group compared with the untreated BCL2L12 wild-type and untreated GFP alone group in U87MG cells (9) . Combination treatment with TMZ and ABT-737 resulted in higher levels of cleaved PARP and cleaved caspase-3 compared with each agent used alone (9) . The induction level of apoptotic protein expression by these two agents whether used alone or in combination, the effect is increased compared with the effect contributed by the exogenously expressed L217A mutant (9) . Thus, combination use of these two agents appears to be efficient in glioma cells with p53 wild-type, high BCL2 and BCL-XL expression, moderate Bax expression and null to low background MGMT activation. In addition, TMZ-induced downregulation of Mcl-1 creates a desirable microenvironment for the addition of ABT-737 in treating U87MG cells (Fig. 3) , as mentioned in a previous study (9) .
GSK3b-mediated phosphorylation on Ser156 and the BH3-like domain contributes to the antiapoptotic property of BCL2L12 and drug-induced autophagy in U87MG.
Overexpressed BCL2L12 S156A and L213A increased the levels of cleaved PARP and cleaved caspase-3, but not cleaved caspase-9, compared with the BCL2L12 wild-type group ( Fig. 4A and C) . This effect was strengthened in the two drug treatment groups, where cleaved PARP and cleaved caspase-3 has dramatically altered expression levels. For cleaved caspase-9, reactivation of apoptotic markers was only observed in the TMZ-treated group (Fig. 4A and C) . By contrast, p53 was reactivated in S156A and L213A-overexpressing cells in both the untreated and STS-treated group, but not in the TMZ-treated group (Fig. 4B) . In the drug-treated group, overexpression of wild-type BCL2L12 resulted in an activation of autophagic markers, including LC3B-II, Atg12-Atg5 conjugates, and Beclin-1 in U87MG cells (Fig. 4A and D) . However, following overexpression of the BCL2L12 S156A and L213A mutants, these autophagic markers were no longer activated and were observed at levels equal to the GFP group (Fig. 4A and D) .
TMZ triggers an autophagy-apoptosis shift event in a time-dependent manner in H4 cells.
A previous study revealed that a high concentration of TMZ may trigger autophagy, which is associated with ROS-mediated activation of the extracellular signal-regulated kinase (ERK) signaling pathway (12) , as well as acquired resistance to chemotherapeutics. These experiments were repeated in the present study in three glioma cell lines in order to determine whether high-dose TMZ treatment induces an autophagy to apoptosis shift in a time-dependent manner. Similar to our previously published work in U87MG cells (9) , the present data for U87MG cells demonstrated that cleaved PARP was activated at 24 h and gradually reached a peak at 48 h following treatment with 400 µM TMZ (9) . Cleaved caspase-9 was detected even in the untreated group, and it also increased from 8 to 48 h. Regarding autophagy markers, LC3B-II was detected in the control group; following TMZ treatment its expression gradually increased from 8 to 36 h and then dropped at 72 h. Beclin-1 was also detected in the control group and progressively accumulated from 8 to 36 h. The expression levels of Beclin-1 at 36 to 72 h were not different between groups. The BCL-XL expression was affected by TMZ treatment, gradually increasing from 8 to 72 h. Altogether, the autophagy-apoptosis shift event in U87MG cells treated with TMZ appears to be at a high point at 36 h, and autophagy appears to be induced earlier than a subsequent apoptosis event. In T98G cells, cleaved PARP and caspase-9/-3 activation was observed in the untreated group from 8 to 72 h. However, in contrast to apoptotic markers, expression levels concerning LC3B-II, Beclin-1, and BCL-XL were unaltered by TMZ treatment (9) . In H4 cells, activation of cleaved PARP and cleaved caspase-9 was detected in the untreated group and gradually increased until 36 h (cleaved PARP) or 72 h (cleaved caspase-9) following TMZ treatment ( Fig. 5A and B) . In addition, cytochrome c was more abundantly expressed at 72 h ( Fig. 5A and B) . Autophagy markers LC3B-II and Beclin-1 were consistently detected until 36 h and were decreased at time points beyond 36 h (Fig. 5C ). The BCL2 expression pattern was highly similar to that of Beclin-1, and the BCL-XL expression pattern was gradually accumulative until 96 h with a peak at 72 h (Fig. 5D) . Taken together, treating H4 cells with TMZ triggered an autophagy-apoptosis shift event similar to that observed in U87MG cells. Furthermore, TMZ treatment enhanced the protein expression of antiapoptotic BCL2 family members, such as BCL2 (before 36 h) and BCL-XL (after 48 h; Fig. 5D ).
GSK3b-mediated phosphorylation on Ser156 influences the BH3-like domain and contributes to the antiapoptotic property of BCL2L12.
As described above, both GSK3b-mediated phosphorylation on Ser156 and the BH3-like domain contribute to the antiapoptotic properties of BCL2L12 and drug-induced autophagy. Because of the prediction from the protein 3D structure of BCL2L12 containing 16 α-helixes that the BH3-like domain corresponded to the residues of 211-226 (α-9 helix) (9), it was hypothesized that phosphorylation at Ser156 may have a functional role on modulating the BH3-like domain. Molecular dynamics simulation data demonstrated that phosphorylation at Ser156 of BCL2L12 (within α-6 helix and α-7 helix) influences the BH3-like domain conformation (α-9 helix), suggesting that GSK3β-mediated Ser156 phosphorylation may function as an allosteric site to modulate the BH3-like domain of BCL2L12 (Fig. 6 ). The present results suggest that BCL2L12 participates in anti-apoptosis and autophagy via the BH3-like domain and that this BH3-like domain-mediated function is also further modulated by GSK3β-mediated phosphorylation at Ser156.
Blockage of TMZ-induced autophagy leads to a robust activation of apoptotic markers and p53 expression in U87MG
cells. The null-MGMT expression of the U87MG glioma cell line (24) was further examined in the H4 cells (previously reported with a low MGMT mRNA expression) (25) , because TMZ is better used in an MGMT-null background to determine its clinical relevance. Furthermore, the p53 background and endogenous BCL2L12 expression can influence treatment outcome in glioma, due to their reported physical interaction (2, 26) . In addition to retrieving the p53 expression status using the IARC p53 cell line database (http://p53.iarc. fr/CellLines.aspx), the endogenous MGMT and p53 expression in the three glioma cell lines used in the present study were investigated (Fig. 7) . In contrast to T98G cells, U87MG and H4 cells were similar in MGMT and p53 expression, although the p53 expression in H4 cells was slightly higher compared with the U87MG cells (Fig. 7) . The high expression of MGMT in T98G cells was consistent with a previous study (27) . Therefore, the two major proteins that may confound the therapeutic effect of temozolomide (28) are controlled in H4 and U87MG cells. Similar results were reported in Figs. 4 and 5 for U87MG and H4 cell lines in the present study, therefore reported issues regarding cell line misidentification of U87MG ATCC when compared to U87MG Uppsala (29) are unlikely to affect the net results of the present study. More recently, a study also demonstrated that the U87MG ATCC cell line has several typical characteristics of glioblastoma through analyses of cell morphology and gene expression profile, even though its origin is unknown (30) .
As illustrated in Fig. 8 , apoptotic markers, including cleaved PARP, cleaved caspase-3, cleaved caspase-9, cytochrome c, and p53 were gradually activated from 12 to 48 h following TMZ treatment, wheraeas Beclin-1 and BCL-XL levels were unchanged. Treatment with 3-methyladenine (3-MA), an autophagy inhibitor, for 2 or 4 h at 2 mM concentration, downregulated LC3B-II, while the apoptotic markers p53, cleaved PARP and cleaved caspase-3 were activated (Fig. 8) . This enhancement was more evident in the 4 h-treated group, indicating that inhibiting TMZ-induced autophagy may, in turn, activate apoptotic genes and may serve as a treatment option in GBM therapy. !! P<0.01 vs. 8-36 h group; ## P<0.01 vs. the serum starvation. All target protein expression levels were normalized to β-actin expression prior to conversion into fold increase measurements. TMZ, temozolomide; BCL2, BCL2 apoptosis regulator; BCL-XL, BCL-extra large; PARP, poly-ADP-ribose-polymerase; LC3B, microtubule associated protein 1 light chain 3B.
Discussion
BCL2L12 is a relatively new member of the BCL2 family and only shares a low amino acid similarity to other BCL2 family proteins. It is reported to interact with BCL2, BCL-XL and Bax (9), but not to interact with Mcl-1 in yeast two-hybrid assays, and interacts with GSK3β (7), p53 (27) and caspase-7 (26) in co-immunoprecipitation assays. BCL2L12 was reported to have two functional variants in 2008 (31) , which increased to 9 variants by 2012 (8) . More recently, using 3'RACE technique and new generation sequencing approaches, another 50 transcripts have been confirmed, but their functions have yet to be characterized (32) . For the interaction between BCL2 proteins in regulating apoptosis, it is known that when BH3-only proteins, such as Bim, Bad or Noxa, are activated, their amphipathic α-helical BH3 domain inserts into the hydrophobic groove of pro-survival BCL2 homologs. This fundamental interaction initiates apoptosis, but cell death ensues only in cells that express Bax and Bak (33), the proapoptotic BCL2 members. When activated, Bax and Bak oligomerize on the mitochondrial outer membrane and result in loss of outer membrane integrity. The permeability alteration is accompanied by the release of apoptogenic proteins and cytochrome c efflux. These apoptogenic proteins promote activation of caspases, such as caspase-9, caspase-7 and caspase-3. The BH3-only BCL2 family proteins are effectors of canonical mitochondrial apoptosis. They discharge their proapoptotic functions through BH1-3 proapoptotic proteins, such as Bax and Bak, while their activity is suppressed by BH1-4 antiapoptotic BCL2 family members, such as BCL2, BCL-XL and Mcl-1. The precise mechanism by which BH3-only proteins mediate apoptosis remains unresolved, but three mutually non-exclusive models are proposed (34) .
BCL2L12 contributes to apoptosis regulation, but has different roles in different types of cancer type. It has yet to be categorized in any distinct BCL2 protein subgroup, such as antiapoptotic, proapoptotic, sensitizer, activator and effector. In fact, as aforementioned, it shares only low amino acid similarity to the majority of BCL2 family proteins based on full-length amino acid sequence comparisons. However, its BH3-like domain does conserve essential residue compositions and retains a similar helix structure to BCL2, BCL-XL and Bax, as previously reported (9) . BCL2L12 is relatively larger than many BCL2 family proteins, and so is Beclin-1; these two proteins are not as typical as their homologs. A BH3-only BCL2 protein like Beclin-1 is unlike Bid, Bim, and Bak; it is 450 amino acids in length and is suggested to not interact with Bax. Beclin-1 is a novel BH3-only BCL2 member and autophagy effector. Anti-apoptotic BCL2 homologs are known to downregulate autophagy through interactions with Beclin-1, an essential autophagy effector, and haploinsufficient tumor suppressor, through its BH3 domain, which is required for BCL2-mediated inhibition of autophagy (16) . On the other hand, BCL2L12 is 334 amino acids in length, and only known to have a conserved BH2 domain before 2009 (1, 8) . Of note, the BCL2L12 BH3-like domain is located at the α-9 helix, while other BCL2 homolog BH3 domains are located at the α-2 helix. BCL2L12 harbors a BH3-like domain associated with TMZ-induced autophagy and antiapoptotic properties in glioma cells. Beclin-1 also contains a BH3 domain interacting with BCL2/BCL-XL in a context-specific dual role (autophagy and anti-autophagy). A dual role (apoptosis/autophagy) is also reported for another autophagy effector protein, autophagy and Beclin-1 regulator 1 (AMBRA1), which contains a BH3 domain at its C-terminus that is necessary for AMBRA1 binding with the antiapoptotic factor BCL2 for its anti-autophagy role. When the proapoptotic amplification loop is turned on, the caspase-cleaved form of AMBRA1 is bound to antiapoptotic BCL2 proteins, such as Mcl-1, BCL2 and BCL-XL, but not Bax and Bak (35) . In addition to its BH3-like domain, it is noted that the N-terminus of BCL2Ll2, especially the 1-70 residues, is unable to interact with either BCL2 or BCL-XL (data not shown). A 3D simulation also reveals that BCL2L12 (1-173) does not overlap with BCL2, BCL-XL or Bax. In addition, BCL2L12 (90-229) interacts with Bax (1-171), and mutations on critical residues within the BH3-like domain are unable to disrupt the interaction between these two fragments in a yeast two-hybrid system (Table I) . These findings indicate that the N-terminus of BCL2L12 may have uncharacterized functions. Whether BCL2L12 (70-153) serves as a Bax interacting region or has any regulating role in Bax's biofunctions needs further elucidation.
In the present study, overexpression of BCL2L12 Ser156A mutant resulted in reactivation of caspase activity and downregulation of autophagy markers. It was postulated that GSK3β-mediated phosphorylation at Ser156 of BCL2L12 may be related to BH3-like domain functionality since this site is in the middle of the α6 and α7 helix in proximity to the core motif LXXXAE/D of the BCL2L12 BH3-like domain at the α9 helix. Phosphorylation at a Serine site may cause conformational change and possibly more significant exposure of its BH3-like domain for accessing the hydrophobic groove of target proteins. We previously reported that GSK3β-mediated phosphorylation at Ser156 of BCL2L12 is associated with its antiapoptotic property. Addition of LiCl, a potent GSK3β inhibitor, resulted in reactivation of caspase-3, -7 and -9, which is identical to the process detected in U87MG cells over expressing BCL2L12 Ser156A (7) . In the present study, the results demonstrated that following STS or TMZ treatments, overexpression of the BCL2L12 L156A mutant reversed autophagy, as the functional consequence of diminishing the BH3-like domain via overexpression of the BCL2L12 L213A mutant. Therefore, in U87MG cells, or in cells with wild-type p53, null or low MGMT activation, high BCL2, BCL-XL and Mcl-1 expression, drug-induced autophagy may be the initial step of anti-apoptosis events. Thus, it can be suggested that cytoprotective autophagy coordinated by both the BCL212 and Beclin-1 BH3 domain may counteract p53-dependent apoptotic or BCL2-mediated anti-autophagic signaling. Once the death signaling is irreversible, or the pro-survival autophagy is overwhelmed, cells may undergo apoptosis. When treated with TMZ or STS, a time-dependent autophagy-apoptosis shift event occurs, and this pro-survival autophagy is linked to acquired resistance to chemotherapeutics. Hence, inhibiting this pro-survival process, or inhibiting drug-induced autophagy events, may lead cancer cells to follow the fate of cell death ( Fig. 9) (15,16,36) .
By contrast, in neuronal cells, sphingosine kinase 2 (SPK2) interacts with BCL2 via its BH3 domain, thereby dissociating it from Beclin-1 and activating autophagy. Tat-SPK2, a peptide designed from the BH3 domain of SPK2, activates autophagy and protects neural cells against oxygen-glucose deprivation injury. In primary murine cortical neurons and HT22 hippocampal neuronal cells, this cytoprotective autophagy appears beneficial to prolonging cell survival (36) . Nevertheless, to further dissect the redundant role of BCL2L12 and Beclin-1 beyond cytoprotective autophagy, other experimental approaches are required. BCL2L12 may be tested in the future for potential interactions with well-known interacting partners of Beclin-1 in controlling autophagy, such as Vps34 PI3K (37) and UVRAG (38) , in vitro and in vivo. Ectopically expressed wild-type BCL2L12 and BCL2L12 S156A mutant, but not BCL2L12A and BCL2L12 L213A mutants, restore the expression of autophagic markers in Beclin-1 shRNA knockdown glioma cell lines (unpublished data). This finding is more direct evidence that BCL2L12 may be another Beclin-1 that regulates autophagy under specific conditions.
Regarding GBM treatment, it may be necessary to modulate multiple molecular mechanisms in order to reverse its genetic antiapoptotic background and achieve better treatment outcomes than traditional chemotherapeutics or radiotherapy. Previous studies have pointed out that CRYAB and BCL2L12 are highly expressed in GBM (5). Thus, regardless of the expression of wild-type or mutant p53, p53 functions are compromised in GBM due to negative regulation by BCL2L12 of p53 at the transcriptional and translational levels. The first route of turning off p53 apoptotic events is directly binding to p53 to prevent its nuclear translocation leading to activation of downstream targets, such as Bax and Puma, an apoptosis modulator (2) . BCL2L12 may also use three other routes to regulate apoptosis. First, it shuts down caspase-7 activation by directly binding and inactivating caspase-3 activity through upregulating its negative regulator CRYAB (5). Second, it interacts through its BH3-like domain with the hydrophobic groove region of BCL2 and BCL-XL, similar to the BH3 domain of Bax; occupancy of the hydrophobic groove of prosurvival BCL2 family proteins prevents access of the BH3-only apoptotic activator and sensitizer to this region to initiate apoptosis (9) . Finally, its 90-229 region may be responsible for binding with Bax, scavenging active Bax to avoid Bax/Bak oligomer formation, thus leading to a gross antiapoptosis effect. Therefore, downregulation of BCL2L12 for treating GBM is a high priority goal (39) . Previous studies also obtained good inhibitory results on tumor growth in animal models via small interfering (si)RNA directly against BCL2L12 (6) or SNA-miRNA-182 to downregulate BCL2L12 expression (40) . Using TMZ is an option, but that involves p53 status and MGMT activation. TMZ-induced apoptosis depends on the expression status of p53 and MGMT, and TMZ-induced autophagy is linked to ERK signaling-associated ROS production (12) . In addition, TMZ-induced autophagy occurs through mitochondrial damage and ER stress-dependent mechanisms to protect glioma cells from apoptotic damage (13) . This drug-induced pro-survival autophagy is suggested to be an anti-apoptosis struggle with apoptosis stimuli from chemotherapeutic (TMZ) and STS (bacterial toxin, also protein kinase inhibitor) treatment (9) .
ABT-737, a BH3 mimetic agent for treating cancer cells with a high BCL2, BCL-XL expression and Mcl-1 neutralization, may improve treatment outcome independent of p53 expression (41) . We previously applied ABT-737 in combination with TMZ, since TMZ downregulates Mcl-1 expression in U87MG cells Figure 9 . Proposed mechanism of Ser156 phosphorylation as an allosteric site to modulate a BH3-like domain on BCL2L12 in glioma cells. When BCL2/BCL-XL interacts with the Beclin-1 BH3 domain, autophagy is inhibited. Overexpression of BCL2L12 may displace Beclin-1 in integrating with BCL2/BCL-XL via its BH3-like domain, leading to release of Beclin-1 and initiation of the autophagy process. In addition, since BCL2L12 occupies the hydrophobic groove of BCL2/BCL-XL, BH3 only BCL2 activator or sensitizer is unable to gain access, and the gross result of anti-apoptosis is observed. The BH3 domain mimetic agent, ABT-737, also binds to BCL2/BCL-XL, and hence competes and disrupts the interaction between BCL2/BCL-XL and BCL2L12, making tumor cells more vulnerable to apoptosis. Of note, GSK3β-mediated BCL2L12 S156 phosphorylation may affect BH3 domain function in glioma cells. BCL2L12, BCL2-like 12; BCL2, BCL2 apoptosis regulator; BCL-XL, BCL-extra large; GSK3β, glycogen synthase kinase 3β.
and thus creates a promising microenvironment for ABT-737. ABT-737 may compete with the BCL2L12 BH3-like domain for binding with BCL2 and BCL-XL to selectively inhibit their expression (9) . Inhibition of interaction between BCL2 and Bax is helpful for Bax activation, forming Bax/Bak oligomerization to alter the outer membrane integrity of mitochondria and activate caspases. Although certain cell types lack Bax and Bak expression, ABT-737 may also induce dissociation of BCL2-Beclin-1 and autophagy (42) . LiCl was also successfully applied to eliminate GSK3β-mediated phosphorylation at Ser156 of BCL2L12, resulting in reactivation of caspase-dependent apoptosis (7) . In the present study, blocking TMZ-induced autophagy with 3-MA also revealed an enhancement of apoptosis induction. Using agents targeting mitochondria or ER, such as mitochondrial permeability transition pore inhibitor or 4-phenylbutyrate, an ER stress inhibitor, has also demonstrated proper apoptosis induction with TMZ (13) .
By integrating the findings from our previous work and other studies, a combination of LiCl, siRNA of BCL2L12, ABT-737, autophagy inhibitor and TMZ are suggested to be applicable for GBM therapy. However, considering resistance to BCL2L12 targeting and ABT-737, as well as the low permeability of blood-brain barrier, potential application of these drugs in the clinic requires further investigation. To reach the goal of individualized medicine, knowing the p53 and MGMT background is essential for selecting which patients will respond to TMZ treatment. A quick screening of the expression levels of BCL2, BCL-XL, Mcl-1, Bax and Bak, in addition to p53 status and MGMT activation, is suggested to be essential in order to determine which patients will respond to the aforementioned combination therapeutic approaches.
